Background: Early colonization with bifidobacteria and lactobacilli is postulated to protect
INTRODUCTION
The commensal gut microbiota, comprising 500-1000 different species of bacteria [1] is essential for oral tolerance induction and gut homeostasis [2, 3] . Colonization of the neonate starts immediately after birth and early colonizers are e.g. Escherichia coli, Streptococcus, Bifidobacterium (B.) and Bacteroides (reviewed in [4] ). Studies have shown differences in the gut microbiota of children raised in affluent and non-affluent societies. For example, a lower proportion of Swedish children harbour lactobacilli, compared to Estonian and Ethiopian children [5, 6] . Also, Swedish children are colonized somewhat later and have a less diverse enterobacterial microbiota than Pakistani infants [7] . Furthermore, colonization with clostridia, including Clostridium (C.) difficile, has been associated with allergy development up to two years in several studies [8] [9] [10] . Children not developing allergy during their first two years have instead been shown to be more frequently colonized with enterococci and bifidobacteria as infants [9] . However, the influence of the infant gut microbiota on later allergy development needs to be further elucidated.
Type of delivery, diet and country of birth influence the infant gut microbiota [5-7, 11, 12 ]. Yet, other factors might also contribute to the colonization of the infant gut.
Interestingly, number of siblings associates weakly with amount of bifidobacteria, in faeces from one month old infants [12] . Exposure to endotoxin, which is present in the outer membrane of Gram-negative (G-) bacteria, is higher in Estonian compared to Swedish homes [13] . Possibly, children living in an environment with high exposure to endotoxin might harbour a more diverse gut microbiota as suggested previously [5] . Also, as the endotoxin levels in house dust correlate with pet keeping [14] , high levels of pet allergens could be viewed as a marker of bacterial exposure. These factors are particularly interesting to relate to the infant gut microbiota, as allergy development is inversely associated with number of siblings and exposure to endotoxin [13, 15, 16] .
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As species differences among bifidobacteria in allergic and non-allergic children have been reported previously [17] , further studies of bacterial diversity within various genera of bacteria are of interest. Most previous studies have employed cultivation dependent techniques [9, 17] . Recently, sequencing of bacterial genomes has made it possible to study presence and amounts of bacteria with molecular methods. The 16SrDNA and 23SrDNA of bacteria, containing both variable and conserved regions, are often targeted for primer and probe design thus facilitating the analysis of bacteria at species level [18] . One method using these primers is real-time PCR, a method which is more sensitive and less time-consuming than cultivation techniques [18] .
Hence, we hypothesize that children who develop allergy have an altered early infant gut microbiota, at species level, compared to children who do not develop allergy.
Furthermore, the gut microbiota is influenced by household factors known to be inversely associated with allergy development i.e. family size and endotoxin and Fel d 1 exposure. Therefore, the presence and amounts of certain gut microbes in early infancy were related to subsequent allergy development up to five years of age and to family size as well as house dust levels of endotoxin and Fel d 1. Real-time PCR was employed for analysis of the following bacterial species; C. difficile, B. bifidum, B. longum, B. adolescentis, B. breve,
Lactobacilli group II (L. gasseri, L. johnsonii group). The Lactobacilli and Bifidobacterium species were chosen due to their abundance in early faecal samples from infants [19, 20] and their postulated role in allergy development [17] . Also, C. difficile has been associated with allergy development [10] . Furthermore, a component from Bacteroides fragilis has recently been shown to be a potent immunomodulator [21] and thus this bacteria was also included.
MATERIAL AND METHODS

Study population
The study population, including 123 Swedish children, has been described in detail by Voor et al [22] . The children were born between March 1996 and October 1999 in Linköping, Sweden. All were born at term and they had an uncomplicated perinatal period. Inclusion in this study was based on availability of faecal samples at one week, one month and/or at two months of age and known allergy status up to the age of five. In all, 47 infants were included.
Sixteen infants developed allergy during their first five years of life, while 31 remained nonallergic throughout the study period ( Table 1 ). The allergic children had shown symptoms of allergic disease and at least one positive skin prick test (SPT) during their first five years of life, while the non-allergic children had not shown symptoms of allergic disease, nor had a positive SPT. The study was approved by the Regional Ethics Committee for Human
Research at Linköping University. The parents of all children gave their informed consent in writing. Skin prick tests, with fresh skimmed cow's milk and thawed egg white, were performed at all follow ups. From 12 months, the children were tested with cat allergen extract and at two and five years also with birch-and timothy extracts (ALK, Hørsholm, Denmark). The SPT was considered to be positive if the mean diameter of the wheal reaction was ≥3 mm.
Only three children were SPT positive at the first clinical examination at three months of age. Therefore it is not likely that the allergic children were allergic already when the faecal samples were collected (at one week, one month and two months after birth). At five years of age, nine of the allergic children were SPT positive against inhalant allergens while seven of the allergic children manifested earlier food sensitization. Fifteen children had atopic dermatitis (AD) during their first five years of life. At age five, six children had allergic rhinitis/conjunctivitis (ARC) either in combination with asthma (AB) (three) or without (three), and one child had asthma in combination with atopic dermatitis. Thus, seven children were included in the group ARC/AB ever, and nine children were included in the group AD only.
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The demographic data were similar in infants who developed and did not develop allergy ( Table 1 ). The majority of the children, in the total cohort, had a history of atopic disease in the immediate family (79%). In total, three children were delivered with caesarean section. During their first two months, when the faecal samples were collected, almost all (96%) in the total cohort were exclusively breastfed and only two infants received antibiotics. combined with no primer-dimer, as seen by melting curve analysis, were chosen. Regarding some of the already published primers, adjustments of primer-concentrations needed to be done to fit SYBR Green chemistry (Table 2 ).
Extraction of DNA from faecal samples
Sjögren 10 DNA and water. The amplification was performed as follows: 2 min at 50°, 10 min at 95°
followed by 40 cycles of 15s at 95°C (denaturation) and 1 min at 60° (annealing and Sjögren 11 extension). To determine the specificity of the PCR a melting curve analysis was performed by slow heating from 60-99°C with continuous fluorescence collection.
To avoid detecting false positives, triplicates with C T values above 35 were considered as negative. The Absolute Quantification protocol in 7000 System software calculated the amount of specific bacterial DNA from the standard curve. The amount of the specific bacterial DNA was then related to the total amount of nucleic acids in each sample. The specific bacterial DNA is thus expressed as percent specific bacterial DNA of total nucleic acids and referred to as relative amounts of specific bacterial DNA. The limit of detection was 5*10 -6 % specific bacterial DNA of total nucleic acids.
Endotoxin and Fel d 1 analyses
Dust samples were collected from carpets in the children´s homes once when the children were 3-12 months old. The collection procedures as well as analyses are further described in [13] . In short, the analyses were performed under sterile conditions with a chromogenic Limulus Amebocyte Lysate assay. The lowest limit of detection of endotoxin was 0.50 EU/mg dust and values below this detection limit was assigned the value 0.25 EU/mg. Fel d 1 were analysed by ELISA (Indoor Biotechnologies, Cardiff, UK) and the lowest detection limit was 4 ng/g dust.
Statistics
Fisher's exact test was performed to evaluate whether presence of bacteria at various occasions differed between children developing and not developing allergy and for evaluation of demographic markers. Mann-Whitney U test was performed to evaluate whether the two populations had different amounts of specific bacterial DNA in their faeces and whether infants with high (3-4) compared to low (0-2) number of Bifidobacterium species had been 
RESULTS
Presence and amounts of bacteria
Bifidobacteria were detected in all infants in at least one of the three samples collected during the first two months of life. The most commonly detected Bifidobacterium species were B. longum and B. adolescentis (Table 3) , and B. longum also occurred in the highest amounts (Fig. 1) . Bifidobacterium breve was the least common of the Bifidobacterium species studied. Few infants were colonised with C. difficile. Bifidobacterium longum, B.
adolescentis and Bacteroides fragilis were commonly present already in one week old infants, whereas the other bacteria tended to become more frequently detected as the infants grew older. Lactobacilli occurred in lower amounts than bifidobacteria (Fig. 1) . The two infants who received antibiotics harboured few Bifidobacterium species. However, DNA
from Bacteroides fragilis constituted a major fraction of the nucleic acids purified from the faecal samples of these children (close to one percent). Two of the three children who were born with caesarean section harboured C. difficile. The samples from the two children who
were not exclusively breastfed did not appear to differ from the samples from exclusively breastfed children.
B. adolescentis and Lactobacilli group I were more common in early infant faecal
samples from non-allergic compared to allergic children.
At one week of age, 23/25 (92%) of the non-allergic infants harboured B. adolescentis
and 12/25 (48%) harboured Lactobacilli group I, while only 8/13 (62%) and 1/13 (8%) of the infants who developed allergy during their first five years were colonized with these bacteria (p=0.03 and p=0.02 respectively, Table 3 ). Also, Bifidobacterium adolescentis, Lactobacilli group I and C. difficile were more often detected in the three samples, obtained during the 
Fig. 1. Relative amounts of B. longum and Lactobacilli gr. I at one week after birth in relation to allergy development up to five years of age. Open circles denote those infants who did not develop allergy (n=25) and filled circles show those who developed allergy during their first five years of life (n=13). The results are expressed as percent specific bacterial DNA of total amount nucleic acids. The short lines demonstrate the median values and the dotted line illustrates the detection limit. The p-value indicates the difference between the non-allergic and allergic group regarding the relative amounts of Lactobacilli gr. I.
first two months of life, from non-allergic infants than in the samples from allergic infants (p=0.045, p=0.02 and p=0.03 respectively, Fig. 2 ). The colonization pattern of the other bacteria was similar in infants who did and did not develop allergy (Table 3 ). The number of stool samples, with three or more Bifidobacterium species, was also similar in the two groups Sjögren 15 (Table 3) . With the exception of Lactobacilli group I at one week (Fig. 1) , the relative amounts of the different bacteria did not differ in samples from infants who did and did not become allergic.
Fig. 2. Number of occasions with detectable B. adolescentis, Lactobacilli group I and C. difficile during the first two months of life in relation to allergy development up to age five. The y-axis shows the percentage of infants who did (A, n=11) or did not develop allergy (NA, n=21) during their first five years of life. The bacteria were studied on three occasions during the first two months and the x-axis illustrates the number of occasions with detectable bacteria. As calculated with Mann-Whitney U test, the non-allergic children harboured B. adolescentis, Lactobacilli gr. I and C. difficile on more occasions than the allergic group (p=0.045, p=0.02 and p=0.03 respectively). None of the other investigated bacteria occurred at different occasions between the allergic and the non-allergic group. Children are only included if faecal samples from all occasions were available.
The allergic children were divided into two groups depending on their allergic symptoms during their first five years (see study population). Nine children were included in the atopic dermatitis only group (AD only) and seven children in the allergic rhinitis/conjunctivitis and/or asthma ever group (ARC/AB ever). There was no difference regarding the presence of any of the investigated bacteria between the AD only and the ARC/AB ever group. As shown for the total allergic group, the AD only tended to be less gr. I). However, the small numbers in each group when separating the children into the AD only group (nine children) and the AB/ARC ever group (seven children) could greatly bias the results.
Environmental factors influence the early infant gut microbiota.
The number of family members correlated significantly with the number of Bifidobacterium species in faecal samples collected at one week and two months after birth (p=0.04 and p=0.02, Table 4 ). Colonization with several (3-4) Bifidobacterium species, at one week and two months of age tended to be associated with exposure to higher levels of endotoxin than colonization with low numbers (0-2) of Bifidobacterium species (Fig. 3) . This was particularly obvious during the first week of life (Fig. 3b) . There was no similar correlation with the Fel d 1 levels in house dust. 
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DISCUSSION
Infants who harboured Lactobacilli group I and B. adolescentis at one week after birth were less likely to develop allergic disease during the first five years of life. Bifidobacterium longum, which includes B. infantis, was the most prevalent Bifidobacterium species in the infant faecal samples, which is in accordance with previous findings [20, 25] . Also B.
adolescentis was common, which is in agreement with some [26] but not all previous studies [20, 25] . Both Lactobacilli group I and Lactobacilli group II were present in the early faecal samples. Others have shown that Swedish infants harbour lactobacilli species, belonging to these groups, during their first two months [19] .
In most previous studies the early infant gut microbiota has been related to allergy development during the first two years of life [8] [9] [10] . At this age, allergic manifestations are mostly limited to the skin and gut. The children in our study were followed up to the age of five, i.e. to an age when respiratory allergy and sensitization to inhaled allergens have become the major clinical manifestation of allergy. Also, although our study size is somewhat limited, allergy is well-defined, as both sensitization and symptoms were used to classify the children as allergic and non-allergic. Interestingly, infants who harboured Lactobacilli group I at one week of age less frequently developed allergic disease than infants lacking these bacteria at the same time. Also, non-allergic children were more likely to harbour Lactobacilli group I on several occasions during their first two months of life. When the allergic children were grouped based on symptoms, it was shown that children who only suffered from atopic dermatitis were less often colonized with Lactobacilli gr. I, one week after birth, compared to the non-allergic children. These findings could be supported by clinical studies, in which different strains of probiotic lactobacilli reduced the incidence of infant eczema [27] and IgE-associated eczema [28] . However, bacterial colonization in the seven children with respiratory allergy did not differ from bacterial colonization in the non-Sjögren 19 allergic children. It is difficult to interpret the role of Lactobacilli group I on respiratory allergies as only one child developed respiratory allergy without previous atopic dermatitis.
Furthermore, only seven children had developed allergic asthma and rhinitis/conjunctivitis at age five. Children belonging to the AD only group, at age five, might develop respiratory allergy later as a substantial proportion of sensitized children with atopic eczema develop respiratory allergy before age seven [29] .
Bifidobacterium adolescentis was more commonly detected in infants not developing allergic disease, which is in contrast with two previous reports on allergic and non-allergic infants [17] and children [30] . In contrast to these studies, our study population was investigated in early infancy, before the onset of allergic disease. There may be a time window of opportunity, only open very early in life, when microbial stimuli can influence the development of the immune system [31] . Results from animal experiments support this theory. In a murine model, B. infantis could restore oral tolerance in neonatal ex-germ-free mice but not in adult mice [2] . Another study on allergic and non-allergic infants did not find any association between allergic disease and colonization with B. adolescentis [32] . Yet, in contrast to the study by Stsepetova [30] , B. pseudocatenulatum were more frequently detected in the allergic infants [32] . Studies show that different Bifidobacterium species elicit different immune responses from diverse immune cells [33, 34] . Speculatively, the colonization with several different species of commensal flora might lead to balanced immune responses contributing to the development of a fully functional immune system protecting children from allergy development. However, under certain conditions i.e. when the gut microbiota is less diverse, certain species could appear to have a detrimental role in allergic disease. This could also be the case for C. difficile. Previous studies suggest that colonization early in life with C. difficile is more common among infants who develop allergic disease than among infants who do not [10] . We could not confirm this, as infants Sjögren 20 who developed allergy were less likely to be colonized with C. difficile during their first two months. The low rate of C. difficile colonization combined with the relatively few number of allergic children may explain the lack of a reverse association in our study. Nevertheless, several studies, showing more clostridia, also indicate less other commensal bacteria in children developing or suffering from allergy [8, 9, 35] . Therefore, it might rather be a gut microbiota with lower diversity that is associated with allergy development. Interestingly, a large recent study did not find any relationship between the presence of different bacteria and allergy development up to 18 months of age [11] , but indeed showed that infants who developed allergy had a lower diversity in their gut microbiota [36] . In order to further understand the influence of the gut microbiota on immune responses and allergy development additional prospective studies and molecular studies are needed.
Lifestyle factors have been inversely associated with allergy development, and could possibly influence the gut microbiota and how it establishes early in life. Interestingly, we show that certain household factors are associated with the diversity of the bifidobacterial flora. The number of Bifidobacterium species at one week and two months correlated significantly with the number of family members. Higher counts of bifidobacteria [12] and later acquisition of Clostridium species in infants with siblings [11] have been reported previously. Thus, family members and siblings may rapidly contaminate the infant with a commensal microbiota. This is further supported by experiments in rats showing that exgermfree rats encounter a normal gut microbiota almost as quickly when they are reared with conventional rats as when they are inoculated with gut microbiota from conventional rats [37] .
Exposure to high levels of endotoxin in house dust was also associated with a more diverse Bifidobacterium microbiota at one week and two months after birth. Endotoxin is a component in G-bacteria and should probably be viewed as a marker of total bacterial exposure in the homes and not as a factor directly related to the G+ bifidobacterial microbiota. However, postnatal colonization with the G-and facultative aerobic enterobacterial microbiota, is important to establish an appropriate environment for anaerobic bacteria, such as bifidobacteria and Bacteroides [4] . Today, staphylococci are acquired the first days after birth among Swedish infants, while it takes up to two months before most infants have achieved an enterobacterial microbiota [38] . Speculatively, high bacterial exposure may lead to early colonization with appropriate facultative aerobic bacteria, which there are several indications in this study that larger families and more microbial exposure lead to a gut flora with higher diversity. These data are also in line with the finding that certain bacteria were less frequently detected in infants developing allergy. However, future studies, with different and larger cohorts, are needed to verify these results. It will also be necessary to perform more detailed studies of how a diverse microbiota, or certain species of bacteria, influences infant immune responses. How these immune responses relate to allergy development also needs to be further explored.
In conclusion, children who develop allergic disease were less often colonized with Lactobacilli group I, B. adolescentis and C. difficile during their first two months of life. As family size and endotoxin exposure appeared to influence the Bifidobacterium flora, a more diverse gut microbiota early in life could, to some extent, explain the inverse association between these household factors and allergy development.
